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Endoplasmic Reticulum-Mediated Phagocytosis
Is a Mechanism of Entry into Macrophages
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To understand the molecular mechanisms involvedHamilton, Montana 59840
5 Caprion Pharmaceuticals Inc. in phagolysosome biogenesis, we have undertaken a
comprehensive characterization of the composition ofMontre´al, Que´bec
Canada latex bead-containing phagosomes using a proteomics
approach. This led to the identification of over 250 pro-
teins from this organelle (Garin et al., 2001; M.D., unpub-
lished data) providing novel insights into the mecha-Summary
nisms of phagolysosome biogenesis. Surprisingly, the
phagosome preparations contained several proteins ofPhagocytosis is a key aspect of our innate ability to
fight infectious diseases. In this study, we have found the endoplasmic reticulum (ER), including calnexin and
calreticulin, suggesting that ER might either be a con-that fusion of the endoplasmic reticulum (ER) with the
macrophage plasmalemma, underneath phagocytic taminant or play a role in the phagocytic process (Garin
et al., 2001).cups, is a source of membrane for phagosome formation
in macrophages. Successive waves of ER become asso- In the present study, we show that phagosomes are
formed by direct association and fusion of ER to theciated with maturing phagosomes during phagolyso-
some biogenesis. Thus, the ER appears to possess PM during early phagocytosis. ER is also added in suc-
cessive waves to supply membrane at various steps ofunexpectedly pluripotent fusion properties. ER-medi-
ated phagocytosis is regulated in part by phosphati- phagosome maturation. ER-mediated phagocytosis is
a widely used process in macrophages for the internal-dylinositol 3-kinase and used for the internalization of
inert particles and intracellular pathogens, regardless ization of both inert particles and intracellular patho-
gens, including Salmonella enterica serovar typhimu-of their final trafficking in the host. In neutrophils,
where pathogens are rapidly killed, the ER is not used rium and Leishmania donovani, which are all found
within phagosomes displaying ER characteristics. ER-as a major source of membrane for phagocytosis. We
propose that intracellular pathogens have evolved to mediated phagocytosis provides a framework to explain
a number of previous observations, including how ERadapt and exploit ER-mediated phagocytosis to avoid
destruction in host cells. proteins can reach the cell surface and how antigens
from intracellular pathogens can be presented by MHC
class I molecules.Introduction
Phagocytosis, the process by which cells engulf foreign Results
particles, occurs in eukaryotes ranging from unicellular
organisms, which use it for nutrition, to mammals, where Association of Calnexin-Rich ER Membranes
it plays a key role in innate immunity (see Aderem and with Early Phagosomes
Underhill, 1999). Phagocytosis is initiated by the binding To distinguish whether ER proteins are contaminants or
of particle ligands to a variety of receptors at the cell genuine phagosome components, we used Western blot
surface. This triggers a diversity of signals that lead analysis and found that the well-characterized ER pro-
to rearrangement of the actin cytoskeleton (May and teins calnexin, calreticulin, and Sec61p are highly en-
riched in phagosomes when compared to the total cell
lysate and postnuclear supernatant (Figure 1A), indicat-6 Correspondence: michel.desjardins@umontreal.ca
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Figure 1. ER Proteins Are Enriched in Phago-
somes
(A) The protein profiles of 30 min phagosomes
(Phago) were compared to a macrophage to-
tal cell lysate (TCL), a macrophage postnu-
clear supernatant (PNS), or a total macro-
phage membrane preparation (Memb). Equal
amounts of protein were loaded in each lane
(15 g). Western-blot analysis shows that the
ER proteins calnexin, calreticulin, and sec61p
are enriched in phagosomes, compared to
the TCL and the PNS. Isolated phagosomes
incubated or not in the presence of pronase
for 30 min at 37C were also analyzed. After
a second isolation procedure to separate
phagosomes from the digested materials, an-
tibodies against the cytoplasmic domain of
calnexin failed to reveal the presence of this
protein on treated organelles, indicating that
calnexin is present on phagosomes in its na-
tive form. In contrast, the lumenal ER protein
calreticulin was not affected by the treatment,
indicating its presence in the lumen of phago-
somes.
(B) Localization of calnexin was performed
on isolated phagosomes by immunofluores-
cence or by a preembedding immunogold
approach, using the antibody against the cy-
toplasmic domain. Insert (immunofluores-
cence) shows that calnexin is present around
latex beads on the phagosome membrane.
Observation at the EM level confirmed that
calnexin is present around the phagosome
membrane (88% of the gold particles were
on the phagosome membrane) and not on
other unidentified membrane components
(asterisk). Calnexin is also present on rat liver
microsomes (arrow) added to our prepara-
tions (positive control), but not revealed when
antibodies against the lumenal part of cal-
nexin are used since this portion of the mole-
cule is not reachable by antibodies in intact
phagosomes (negative control). Arrow shows
a negative phagosome.
(C) In some cases, two types of membranes, a thin (indicated with large arrows) and a thicker one (indicated with small arrows), are observed
on phagosomes. Preembedding immunolabeling revealed that calnexin is preferentially detected in thin membranes (94%), whereas LAMP1
is clearly present on thicker membranes (92%). Note that microsomes were also added as a positive control (left panel).
ing that these proteins are unlikely to arise from contami- presence of ER vesicles in the phagosome lumen, which
would be inaccessible to pronase. Since the intralu-nation.
If ER vesicles are contaminating the phagosome prep- menal ER soluble protein calreticulin was insensitive to
pronase treatment, this also ruled out the loose associa-arations, we expect these vesicles to be either inside
the phagosomal lumen or loosely associated with the tion of ER vesicles at the phagosome surface, as such
vesicles would have been released by pronase treat-cytoplasmic surface of phagosomes. If, instead of being
a contaminant, ER fuses directly with phagosomes, we ment. Hence, calnexin and calreticulin are in their native
orientation in phagosomes, as expected if direct fusionexpect the transfer of ER membrane proteins to the
phagosome membrane and the transfer of lumenal ER between ER and phagosomes occurs.
To demonstrate directly the presence of ER elementsproteins to the lumen of phagosomes. To address these
possibilities, we performed pronase digestion on puri- on the phagosome membrane, we performed confocal
analysis with anti-calnexin antibodies on macrophagesfied intact phagosomes, a procedure that degrades all
the proteins moieties exposed on the cytoplasmic side that had internalized latex beads for 30 min. The results
showed a strong labeling for calnexin dispersed in theof these organelles, followed by a second isolation pro-
cedure to separate phagosomes from the released ma- cytoplasm and around latex bead-containing phago-
somes in situ (not shown). However, it was difficult toterials (Garin et al., 2001). This treatment resulted in
degradation of the cytoplasmic domain of calnexin, as determine if phagosomes were really labeled or if they
were simply present in a strongly ER-positive area. Ac-shown by the loss of phagosome immunoreactivity to
a calnexin C terminus specific antibody (Figure 1A). The cordingly, we isolated phagosomes and performed the
immunofluorescence analysis on purified organelles.deduced presence of the C-terminal domain of calnexin
on the cytoplasmic side of phagosomes ruled out the This approach showed the presence of labeling around
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more than 70% of the isolated phagosomes (insert in internalized antichymotrypsin was degraded by the ac-
Figure 1B). Using preembedding immunogold labeling quired hydrolases during phagosome maturation. Den-
at the electron microscope (EM) level with antibodies sitometric measurement also showed that the level of
against the cytoplasmic tail of calnexin, we were able ER proteins (e.g., PDI) decreased during the early stages
to demonstrate direct association of calnexin with the of phagosome maturation, followed by an increase 6 hr
phagosome membrane (Figure 1B; of 1095 gold parti- after bead internalization. This showed that phagocytic
cles counted, 88% were on the phagosome membrane). structures ranging from phagocytic cups to mature pha-
Strong labeling was also observed on rat liver ER micro- golysosomes can be isolated and that ER is already
somes added to our samples as a positive control (Fig- present on phagocytic cups.
ure 1B, top right panel). In contrast, as a negative control, To confirm the kinetics of ER association to phago-
no labeling was observed when antibodies against the somes, we monitored by immunoblotting the acquisition
lumenal domain of calnexin were used, as this part of of calnexin and LAMP1 (a marker of phagosome matura-
the molecule is not accessible by antibodies under our tion) on the various phagocytic structures. When the
conditions (Figure 1B, bottom right panel). These results same number of organelles was analyzed, the earliest
identify calnexin as a bona fide constituent of the phago- compartments studied displayed the strongest signal
some membrane. In most phagosomes, the calnexin for calnexin, while LAMP1 was present in low amounts
labeling was not uniform across the membrane (Figure (Figure 2B), confirming that ER is recruited very early
1C, left panel), being particularly abundant in thin mem- during phagosome formation. During phagosome matu-
branes (large arrows; 94% of the labeling was present ration (confirmed by the gradual accumulation of LAMP1
on thin membranes, ca. 6 nm in thickness). Parallel im- at the other time points), full-length calnexin diminished
munolabeling with anti-LAMP1, a marker of late endo- in intensity while smaller forms of the protein still recog-
somes and lysosomes, revealed labeling over thicker nized by the anti-cytoplasmic tail antibody accumulated
parts of the phagosome membrane (Figure 1C, right (including a band around 36 kDa). This pattern is consis-
panel, small arrows; 92% of the labeling was present tent with the intraphagosomal degradation of the lu-
on membranes ca. 9 nm thick). These results suggest menal domain of calnexin during phagolysosome bio-
that both ER and endocytic organelles contribute ele- genesis. Remarkably, mature phagosomes (1 hr/ON:
ments to the phagosome membrane. overnight chase of beads for 15 hr) displayed a strong
In order to investigate when ER became associated signal for full-length calnexin and a diminished signal
with the phagosomes, we compared the relative abun- for LAMP1, suggesting that additional rounds of ER are
dance of calnexin on phagocytic structures isolated at added to mature phagosomes, diluting the LAMP1 con-
different time points after the addition of latex beads tent. The association of successive waves of ER to
to macrophages. The various time points studied were phagosomes during phagolysosome biogenesis was
chosen in order to allow for the separation of various confirmed by following several ER proteins, using poly-
phagocytic organelles including: (1) phagocytic cups, clonal antibodies raised against a highly enriched rat
which are membrane structures surrounding partially liver ER fraction (Figure 2C). Taken together, these re-
engulfed particles, and (2) phagosomes at various levels sults clearly indicate that ER association occurs at a
of maturation along the phagolysosome pathway. Two very early stage of phagosome formation and at various
approaches were used to identify the nature of these intervals during phagolysosome biogenesis.
phagocytic structures. First, we measured by EM the
number of beads present in closed phagosomes after
Newly Synthesized Proteins and Calnexineach internalization time point. Second, we analyzed
Substrates Are Rapidly Deliveredthe biochemical composition of the various phagocytic
to Phagosomesorganelles by taking advantage of our 2-D gel database
To determine if newly synthesized proteins were deliv-containing more than two hundred identified protein
ered rapidly to phagosomes, cells were allowed to inter-spots (Garin et al., 2001). The results showed that cells
nalize latex beads for 30 min, in the presence offed latex beads for 15 min contained less than 10% of
35S-labeled methionine for the last 5 min. In these condi-the number of phagosomes observed in cells that had
tions, isolated phagosomes displayed a distinct set ofinternalized beads for 60 min, indicating that a minor
radiolabeled proteins compared to the total cell lysatepart of the phagocytic structures analyzed at 15 min
(see Supplemental Figure S1, available at http://were closed phagosomes. Furthermore, 2-D gel analy-
www.cell .com/cgi/content/ full /110/1/119/DC1) . Toses of the phagocytic structures isolated for our study
determine if some of the newly synthesized proteinsclearly indicated that the earliest phagocytic structures
transferred to phagosomes were calnexin substrates,formed in our conditions (15/0) differed greatly from
immunoprecipitation with an anti C-terminal calnexinmaturing phagosomes (1 hr/3 hr and 1 hr/6 hr) (Figure
antibody was performed on phagosomes isolated from2A). Densitometric analysis of the 2-D gels indicated
these cells. The coimmunoprecipitated newly synthe-that large amounts of antichymotrypsin, a serum protein
sized calnexin substrates were identical in both phago-attached to the surface of latex beads, was observed
somes and the total cell lysate, indicating their commonin the 15 min compartment, whereas members of the
ER origin. The specificity of these results was demon-cathepsin family, including cathepsin D, were not pres-
strated by showing that no major protein was observedent (Figure 2A, bottom right). These features are ex-
when the immunoprecipitation was performed withpected from phagocytic cups or very early phagosomes.
preimmune serum in control HepG2 cells (human hepa-Remarkably, high levels of the ER proteins GRP 94,
tocytes) and J774 macrophages. Moreover, immunopre-BiP, PDI, and calreticulin were observed on the 15 min
phagocytic cups/phagosomes. At later time points, the cipitation with the calnexin antibody from cells pre-
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Figure 2. Calnexin Is Degraded during Phagolysosome Biogenesis
(A) The biochemical nature of the phagocytic structures studied at each time point was revealed by comparing their 2-D gel patterns. The
earliest time point (15/0) was identified as a prephagosome structure (phagocytic cups) by the presence of high amounts of undegraded
antichymotrypsin (large empty arrowhead), a serum protein bound to beads, and the absence of hydrolases like cathepsin D (small black
arrowheads). In contrast, maturing phagosomes (1 hr/3 hr and 1 hr/6 hr) accumulated hydrolases (small black arrowheads) enabling the
efficient degradation of antichymotrypsin (large empty arrowhead). Modulation in the amount of ER proteins also occurred during phagolyso-
some biogenesis, with higher amounts observed at the earliest time point (arrows, clockwise: GRP94, BiP, PDI, and calreticulin). The small
white arrowhead indicates actin. Densitometric analyses of spot intensity confirmed these observations (A, lower right).
(B) Phagosome maturation was confirmed by showing the accumulation of LAMP1 with time. When calnexin was revealed with an anti-
cytoplasmic tail antibody (doublet around 90 kDa), a strong signal was observed on phagocytic cups (15 min) and early phagosomes (30 min).
The signal decreased on 1 hr to 4 hr old phagosomes, indicating that calnexin was degraded during phagolysosome biogenesis. Several
peptides of smaller molecular weight, all susceptible to pronase degradation, were also recognized by the antibody. Intact calnexin was
observed on phagolysosomes (15 hr chase), while the signal for LAMP1 decreased, suggesting that a second wave of ER membrane was
recruited to mature phagosomes.
(C) The occurrence of successive waves of ER association was confirmed using a polyclonal antibody raised against purified rat liver
microsomes.
treated with tunicamycin revealed diminished labeling, labeled orthophosphate in vivo labeling of J774 macro-
phages revealed the presence of phosphocalnexin inconsistent with the glycoprotein specificity of calnexin-
associated substrates (Ou et al., 1993). Finally, 32P- phagosomes. These results indicate that newly synthe-
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sized incompletely folded glycoproteins associated with their ER origin (Figure 4A). To test if some of the ER and
phagosomes were directly connected after bafilomycinfunctional calnexin are recruited rapidly to phagosomes
(see Supplemental Figure S1 at above URL). treatment, the following experiment was performed.
Cells preloaded with latex beads were allowed to inter-
nalize BSA-gold by endocytosis for 15 min, a periodER Association during Phagosome Formation
of time allowing endosome-phagosome fusion and theand Phagolysosome Biogenesis In Situ
transfer of BSA-gold particles to phagosomes (Desjar-Involves Phosphatidylinositol 3-Kinase
dins et al., 1997). When these cells were treated withand the Proton Pump ATPase
bafilomycin, the reticular structures connected toBoth phagocytosis and autophagy are known to be af-
phagosomes (similar to those displaying G-6-P activityfected by PI3 kinase inhibitors such as Ly294002, wort-
in A) contained BSA-gold, demonstrating the continuitymannin, and 3-methyladenine (Blommaart et al., 1997;
between the two organelles (Figure 4B). These resultsCox et al., 1999). To determine if PI3K is involved in ER-
indicate that fusion/fission between phagosomes andmediated phagocytosis, cells were treated with various
ER structures is regulated, at least in part, by the activityinhibitors and their effects on the formation and compo-
of the proton pump ATPase.sition of phagosomes examined. Pretreatment with
3-MA or wortmannin (Figures 3A–3E), or Ly294002 (not
shown) resulted in a sharp decrease of phagocytosis ER-Mediated Phagocytosis Is a Widely Used
Process of Internalization in Macrophages(more than 65% inhibition for each drug—3-MA is shown
in Figure 3B) and accumulation of beads at the cell Phagocytosis begins by the formation of a membrane
structure, referred to as phagocytic cup, believed tosurface within pseudopodia (phagocytic cups). Obser-
vation of these structures at the EM level revealed an originate from the plasma membrane, which invaginates
and seals to form the phagosome. Based on the resultsunexpected feature occurring during the early phase of
phagocytosis. Direct contacts and apparent continuities obtained so far, we argue that ER is directly recruited
to phagocytic cups to provide some of the membranewere observed between ER and the PM, at sites of bead
internalization (Figures 3C and 3D), suggesting that ER required for phagosome formation. In order to visualize
this process, we formed phagocytic cups by centrifug-was recruited directly at the cell surface to form phago-
somes. A similar phenomenon was observed for wort- ing latex beads to the surface of cells at 4C, followed by
a 10 min incubation at 37C. Both confocal microscopymannin (Figure 3E). The global composition of the few
phagosomes formed in 3-MA treated cells was com- (Figures 5A and 5B) and EM cytochemistry (Figures 5C
and 5D) revealed ER association to phagocytic cupspared with those formed in untreated cells using 2-D
gel electrophoresis. This revealed no major difference during latex bead internalization. Confocal analysis with
anti-calnexin and anti-LAMP1 antibodies indicated thatand, very importantly, the presence of known spots cor-
responding to ER proteins in phagosomes isolated in ER was highly enriched in pseudopodia surrounding
latex beads (white arrows), while LAMP1 was not yetboth conditions. This indicated that treatment with 3-MA
did not trigger an internalization process different to that recruited. Samples from the same experiment were pro-
cessed and visualized at the EM level. Observation con-occurring in untreated cells (Figure 3F).
Phagocytosis is also markedly reduced by bafilo- firmed that some of the membrane used for phagosome
formation is of ER nature, as revealed by the presence ofmycin A1 (Bidani and Heming, 1995), an inhibitor of the
vacuolar proton pump ATPase. Treatment of J774 mac- G-6-Pase labeling on membranes surrounding partially
engulfed latex beads (Figure 5C). After their formation,rophages resulted in a marked decrease of latex bead
phagocytosis (around 95% inhibition). Although some a large proportion of the phagosomes displayed a strong
G-6-Pase labeling (Figure 5D and Table 1).latex beads were present in phagocytic cups, we were
unable to observe any ER membrane connecting these The standard protocols to form phagosomes for bio-
chemical analysis involve the internalization of latexstructures. However, when beads were internalized first,
followed by bafilomycin treatment, observation at the beads in near-saturating conditions (a 1:10 to 1:50 dilu-
tion of a 10% bead suspension in culture medium).EM level revealed that numerous connections between
phagosomes and ribosome-free ER-like structures oc- These conditions result in the internalization of up to
100 beads per cell, a situation in which a large quantitycurred in these conditions. To confirm the ER nature of
these structures, we took advantage of a cytochemical of membrane is needed and where the use of the ER
might not be representative of the “natural” processtechnique revealing the activity of the ER enzyme glu-
cose-6-phosphatase (G-6-Pase) at the EM level on Epon of phagocytosis. To demonstrate that ER-mediated
phagocytosis is not simply used in extreme cases, latexsections, ensuring high preservation of the morphologi-
cal features of the cells (Griffiths et al., 1983). As ex- beads were internalized for 60 min at a high dilution of
1:200 instead of 1:10. This resulted in the internalizationpected, ER throughout the cell and the juxtaposed nu-
clear envelope displayed a strong G-6-Pase activity, of less than 5 beads per cell (results not shown), a less
demanding situation that could possibly be accommo-while no labeling was observed on other cellular organ-
elles and the PM, validating the high specificity of this dated by using only the plasma membrane. Neverthe-
less, phagosomes formed under these conditions stillcytochemical approach to identify ER (see Figures 5–7).
Thus, by using this well-established approach, we were displayed the same overall protein profiles in 2-D gels,
including high levels of ER proteins (results not shown),able to observe the dense precipitate generated by the
G-6-Pase activity in the reticular structures connected indicating that ER is used for phagocytosis even when
small amounts of membrane are required.to phagosomes after bafilomycin treatment, confirming
Cell
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Figure 3. ER-Mediated Phagocytosis Involves PI3K
Cells were treated or not with the PI3K inhibitors 3-methyladenine (1 mM) or wortmannin (100 nM) for 60 min prior to bead internalization.
Cells were then fed latex beads (LB) for 60 min and chased for 30 min in the presence of the inhibitors and prepared for EM.
(A) Untreated cells internalized a large number of beads, while only few beads were observed at the cell surface. In contrast, most of the
beads remained within pseudopodia at the cell surface in 3-MA treated cells.
(B) Quantitative analyses confirmed that 3-MA strongly inhibits phagocytosis without affecting the formation of pseudopodia, suggesting that
this drug slows down phagocytosis.
(C and D) Observation of 3-MA and (E) wortmannin-treated cells at the EM level revealed the occurrence of direct contact between ER and
the plasma membrane underneath phagocytic cups. Insert shows a higher magnification of the region with an apparent continuity between
the ER and the cell surface membrane (arrow). The latex bead (0.8 m) indicates the relative magnification.
(F) To demonstrate that the 3-MA treatment was not triggering a form of phagocytosis different than the one used by normal cells, 2-D gel
analysis of phagosomes were performed. The overall similar 2-D gel protein patterns obtained for both samples indicated that similar
mechanisms of internalization are likely to be involved (arrows clockwise show the ER proteins GRP94, BiP, PDI, and calreticulin).
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positive phagosomes (Table 1). To further demonstrate
that entry through the Fc receptor leads to ER-derived
phagosomes, similar analyses were performed with IgG-
opsonized red blood cells. In this case, a majority of the
erythrocytes were in phagosomes displaying G-6-Pase
activity (see Figure 6E and Table 1).
It remained uncertain if ER-mediated phagocytosis is
also used for the internalization of pathogens. To ad-
dress this issue, we examined the process used to inter-
nalize Leishmania donovani, a large intracellular patho-
gen not known to interact with ER elements. When cells
infected with wild-type Leishmania were analyzed for
G-6-Pase activity, a strong labeling was observed in
the lumen of parasite-containing phagosomes (Figures
6A–6C and Table 1), indicating that ER is also involved
in the internalization of pathogens. In several occasions,
direct ER association was observed at sites of Leish-
mania internalization, as shown by direct contacts be-
tween ER cisternae and newly formed Leishmania-con-
taining phagosomes near the cell surface (Figure 6B,
black arrows). Furthermore, because phagocytosis of
L. donovani begins by entry of the parasite body fol-
lowed by its long flagellum, in several cases we ob-
served G-6-Pase positive membranes already present
at the base of incompletely engulfed parasites while
their flagella was still outside the cells (Figures 6A and
7A show two examples), as observed for latex beads
(see Figure 5C). In all cases, the flagellum was observed
between short pseudopodia, which did not appear to
extend around the long parasite. A mutant parasite dis-
playing a truncated form of lipophosphoglycan at its
surface was also observed in G-6-Pase positive com-Figure 4. ER-Phagosome Interaction Is Regulated in Part by the
partments. To further determine whether ER-mediatedVacuolar Proton Pump ATPase
phagocytosis is a general process, we infected the mac-(A) Latex beads were internalized for 30 min and then chased for
60 min in the presence of bafilomycin A1. After this treatment, glu- rophage cell lines J774 as well as the epithelial cell line
cose-6-phosphatase cytochemistry was used to reveal ER. In bafilo- IEC-18 with Salmonella typhimurium, and measured the
mycin-treated cells, contacts between ER (G-6-Pase positive) and number of phagosomes displaying G-6-Pase activity.
phagosomes (LB) were readily observed. Insert shows a focal point Both macrophages (Figure 6D) and epithelial cells (not
of interaction and apparent membrane continuity between the two
shown) displayed bacteria in G-6-Pase positive com-organelles.
partments. Again, large proportions of the phagosomes(B) To determine if the lumen of these organelles is continuous,
latex beads were internalized for 30 min and chased for 30 min to containing Salmonella were positive for G-6-Pase (Table
form phagosomes. BSA-gold was then added to the cell culture for 1). Altogether, these results indicate that, in macro-
15 min, allowing its internalization by endocytosis, followed by a 30 phages, ER is used for phagocytosis at the cell surface,
min chase to allow its transfer to phagosomes. Cells were then before closure of the phagocytic cup.
incubated with bafilomycin for 60 min and processed for EM. BSA-
Phagocytosis was also studied in neutrophils. In con-gold particles were observed in the lumen of ER structures similar
trast to macrophages (Figure 7A), latex bead particlesto those observed in (A) clearly connected to phagosomes, indicat-
ing that direct fusion events occurred between the two organelles. and Leishmania parasites were present in phagosomes
not displaying G-6-Pase activity, despite the strong la-
beling observed in the ER and nuclear envelope (Figure
7B). Also contrasting with macrophages (Figure 7A), theNext, we performed experiments to evaluate if ER-
pseudopodia surrounding the Leishmania parasites aremediated phagocytosis is a general way of entry in mac-
clearly made of large extensions of membrane (Figurerophages. First, we used 2-D gel analysis to compare the
7C), indicating that ER-mediated phagocytosis may notoverall composition of phagosomes formed by normal
be the preferred path of entry for microorganisms intobeads (which get opsonized in the culture medium con-
neutrophils.taining heat-inactivated fetal calf serum) or by the inter-
nalization of beads through the Fc and complement
receptors, after opsonization with albumin and anti- Discussion
albumin or mouse serum, respectively (Duclos et al.,
2000). Phagosomes containing the three types of beads Phagocytosis can require large amounts of membranes,
and sources other than the highly specialized PM maydisplayed similar 2-D patterns, including all the known
ER proteins (not shown). Second, morphological analy- contribute to phagosome formation. Using metabolic
and surface radioactive labeling, Vicker (1977) showedsis showed that large proportions of the three types of
latex beads were present in strongly labeled G-6-Pase- that only a portion of the phagosome originated from
Cell
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Figure 5. ER Elements Are Present in Pseu-
dopodia during Phagocytosis
(A) Phagocytic cups were formed by centri-
fuging latex beads (3 m) at the surface of
cells, followed by a 10 min incubation in cul-
ture medium at 37C. Observation of serial
optical slices at the confocal microscope (1 to
3 from bottom to top) shows that ER elements
(calnexin in red) are present in growing pseu-
dopodia (white arrows), while LAMP1 (green)
is not yet recruited. The bottom panels show
the superimposed visible merge with the latex
beads.
(B) Diagram shows a reproduction of the three
different scans seen in (A) with the spatial
arrangements of the latex beads.
(C) EM image of a 3 m partially engulfed
latex bead (LB) shows the presence of G-6-
Pase activity associated to the membrane
forming the phagocytic cup, indicating their
ER nature (insert shows a higher magnifica-
tion; arrows indicate the G-6-Pase product).
The nuclear envelope (NE) and endoplasmic
reticulum (ER) display strong G-6-Pase label-
ing, while mitochondria (M) are not labeled.
(D) Latex bead-containing phagosomes (0.8
m latex bead internalized through the com-
plement receptor is shown here) display
strong labeling for G-6-Pase activity.
the PM, while an important part appeared to be made
of newly synthesized membranes of undefined origin.
Table 1. ER-Mediated Phagocytosis Is a Widely Used Mechanism Grinstein and colleagues have shown that exocytosis
of Entry in Macrophages
at or near the site of phagocytosis of endomembranes,
Macrophages Neutrophils possibly originating from recycling endosomes, is re-
quired for complete particle internalization (Hackam etG-6-Pase positive G-6-Pase positive
al., 1998). Studies have also revealed that lysosomes canParticles compartment (%) compartment (%)
be rapidly recruited to the PM at sites of internalization
Nuclear envelope 100 100
during T. cruzi infection (Tardieux et al., 1992). However,3 m LB 46 / 3 2
lysosomes are unlikely to be part of a general process3 m LB-C3 57 / 2 ND
of membrane recruitment since most of the phagosomes3 m LB-IgG 54 / 2 ND
RBC-IgG 49 / 1 ND containing microorganisms or inert particles in macro-
S. typhimurium 43 / 2 ND phages are initially devoid of lysosomal markers (Me´r-
L. donovani WT 72 / 4 2 esse et al., 1999; see also 15/0 in Figure 2A).
L. donovani Ipg- 75 / 3 2 Our results clearly identify ER as an important contrib-
Phagosomes containing various particles were analyzed for the utor to the phagosome membrane in macrophages. The
presence of G-6-Pase activity at the EM level. Only cells displaying presence of calnexin in its native orientation in the
strong labeling of the nuclear envelope were analyzed. For all experi- phagosome membrane was shown directly by preem-
ments, n  3 (at least 100 phagosomes were counted). LB, latex bedding immunogold labeling and confirmed by pro-
bead; RBC-IgG, IgG-opsonized sheep red blood cells.
nase digestion. Immunoblotting further indicated that
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Figure 6. ER-Mediated Phagocytosis Is a
General Mode of Entry into Macrophages
Phagosomes were formed in J774 macro-
phages by the internalization of L. donovani
(L) for 30 min, Salmonella typhimurium (S) for
5 min, or IgG-opsonized red blood cells (RBC)
for 30 min. Cells were then treated to reveal
G-6-Pase activity and prepared for EM.
(A) In several cases, partially engulfed Leish-
mania parasites (L) were observed. In these
cases, the foremost internalized part of the
parasite was already present in ER-derived
elements displaying strong G-6-Pase activity
(arrows indicate the end of labeling), while
the distal end of the parasite was still outside
the cell (asterisk), in contact with membranes
(PM?) devoid of G-6-Pase labeling.
(B) At sites of internalization, direct ER associa-
tion to Leishmania-containing phagosomes
was observed. Insert shows high magnification
of direct ER-phagosome connections (arrows).
(C) After internalization, Leishmania (L) were
clearly present in compartments originating
from the ER, displaying strong G-6-Pase ac-
tivity. The nuclear envelope (NE) and ER were
specifically and strongly labeled. Insert
shows that the phagosome membrane (right
arrow) is tightly apposed to the surface of
the parasite (left arrow) with the G-6-Pase
product clearly present in the phagosome
lumen.
(D) The intracellular pathogen Salmonella
typhimurium (S) and (E) red blood cells, inter-
nalized specifically through Fc receptors,
were also present in phagosomes displaying
G-6-Pase activity.
the rapid recruitment of calnexin to phagosomes was was shown to slow down the initial steps of latex bead
phagocytosis, resulting in a decrease of the phagocyticfollowed by the gradual intraphagosomal degradation
of its lumenal domain during phagolysosome biogene- rate with the accumulation of beads within pseudopodia
at the cell surface. In normal cells, apparent continuitiessis. In addition, pulse-chase experiments demonstrated
that calnexin glycosubstrates are recruited rapidly to were difficult to observe, possibly due to their rapid and
transient nature. Indeed, fusion between ER and plasmaphagosomes, within 5 min of phagocytosis. At that point,
the logical interpretation of our results was that ER was membrane likely occurs as rapidly as that between se-
cretion vesicles and PM during stimulated exocytosis,used rapidly after phagosome formation as a source of
replacement for the plasma membrane. However, fur- a process rarely visualized at the EM level. However,
using 2-D gel electrophoresis, we confirmed that earlyther analyses revealed the unexpected finding that ER
is used directly at the PM during phagosome formation. phagosomes formed in both control and 3-MA-treated
cells were highly similar and thus unlikely to be inducedKinetic studies revealed that ER molecules are already
present in high amounts on isolated phagocytic cups by different mechanisms.
PI3K is relevant to ER-mediated phagocytosis. PI3K(15/0 in Figures 2A–2C). Under normal conditions, latex
beads and several Leishmania parasites were sur- is involved in the association to nascent phagosomes
of amphiphysin II, a protein linked to the recruitment ofrounded by membranes displaying G-6-Pase activity
(i.e., ER), while distal portions of the beads or pathogens dynamin and required for phagosome formation (Gold
et al., 2000). PI3K also participates in the deactivationand their flagella were still outside the cell. Close apposi-
tion of ER elements with the PM underneath phagocytic of PAK1, a step possibly needed for phagosome closure
(Diakonova et al., 2002). These data support the pro-cups were also observed in cells treated with the PI3K
inhibitors wortmannin and 3-MA. In our study, 3-MA posal that PI3K is required for coordinating exocytic
Cell
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Figure 7. ER-Mediated Phagocytosis Is Not
Used for the Internalization of Latex Beads
and Leishmania Parasites in Neutrophils
(A) A Leishmania parasite (L) is internalized
by a macrophage. Although the body of the
parasite is present in a G-6-Pase-containing
vacuole, the flagellum (F) is still outside the
cell, locked between short pseudopodia
(arrows). G-6-Pase is specifically present in
the nuclear envelope (NE) and the endoplas-
mic reticulum (ER). Over 70% of the phago-
somes containing Leishmania parasites are
positive for G-6-Pase activity in macro-
phages.
(B) In contrast, in neutrophils, phagosomes
containing Leishmania parasites do not dis-
play G-6-Pase activity (less than 2% of the
phagosomes are weakly labeled), despite the
strong signal detected in the nuclear enve-
lope (NE) and ER, which appears as small
vesicles.
(C) Phagocytosis of Leishmania in neutrophils
involved large pseudopodia (arrows) com-
pared to the short ones observed in macro-
phages.
(D) Our current model for ER-mediated
phagocytosis in macrophages proposes that
the binding of a particle to the cell surface
initiates the formation and elongation of
pseudopodia firmly attaching the particle to
the plasma membrane. During this process,
the ER is recruited close to the surface where
it fuses with the plasma membrane and opens
at the site of particle contact. The particle
then slides into the open ER and the plasma
membrane is resealed. This leads to the for-
mation of phagosomes made largely of ER.
membrane insertion and pseudopodia extension (Cox these organelles and the transfer of BSA-gold from the
phagosome lumen to the lumen of ER. The recent identi-et al., 1999). Botelho et al. (2000) showed that particles
associated with phagocytic cups at the PM displayed fication of the V-ATPase as a fusion protein on yeast
vacuoles (Peters et al., 2001), suggests that this proteinperipheral phosphatidylinositol-4,5-biphosphate (4,5-
PIP2) that rapidly disappeared after phagocytosis, while could also regulate some of the fusion/fission properties
of phagosomes. Focal contacts between phagocytic or-early phagosomes displayed a strong peripheral signal
for diacylglycerol (DAG). They suggested that focal PM ganelles and the ER as a prelude to fusion events be-
tween these two compartments could take place at siteschanges in lipid metabolism involving phospholipase
C, and possibly PI3K, were responsible for the rapid of lipid microdomains, a structure where fusion proteins
have been previously identified (Lafont et al., 1999), in-transformation of 4,5-PIP2 into DAG. These results could
also be interpreted to suggest the rapid transfer of parti- cluding the V-ATPase (Dermine et al., 2001).
ER-mediated phagocytosis provides a framework tocles from the 4,5-PIP2-enriched PM to DAG-enriched
ER. Indeed, following hydrolysis of phosphoinositides comprehend several poorly understood processes in-
volving ER. Direct fusion of ER with the PM may explain(PI) into DAG and phosphatidate (PA) at the PM, two
enzymes (CDP-DG synthase and PI synthase) located why ER proteins such as calnexin and calreticulin have
been observed at the cell surface (Okazaki et al., 2000;on the ER function sequentially to convert PA back into
PI. Whatmore and collaborators (1999) concluded that Johnson et al., 2001). The role of ER proteins at the
surface is, however, poorly understood. ExogenouslyPI resynthesis by ER enzymes at the PM is dependent
neither on vesicular transport mechanisms nor on freely added Bip/GRP78 was shown to stimulate phagocytosis
(Kakimura et al., 2001). In addition, recent studies havesoluble transport proteins. They suggested, rather, that
it occurred through a membrane-protein-mediated pro- shown that calreticulin, together with CD91, the -2-
macroglobulin receptor, are required for phagocytosiscess at sites of close contacts between the two organ-
elles. Our results clearly suggest that such close con- of apoptotic cells (Ogden et al., 2001). Our data extend
these observations and suggest that the entry of Leish-tacts exist during phagocytosis.
ER interactions with phagocytic organelles also ap- mania in macrophages could also involve calreticulin
and calnexin. Indeed, the major glycoprotein at the para-pear to be regulated, in part, by the vacuolar proton
pump ATPase. Bafilomycin A1, a pump inhibitor, stabi- site surface, GP63, contains a terminal Glc1Man6GlcNac2
(Olafson et al., 1990), a saccharidic structure recognizedlizes membrane connections between phagosomes and
ER, allowing the free diffusion of the lumenal content of by both calreticulin and calnexin (Zapun et al., 1999). A
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role for these proteins in phagocytosis is also supported ER-derived compartments, while others like Salmonella,
by the finding that, in Dictyostelium, double null mutants Mycobacteria, and Leishmania would allow the initiation
for calreticulin and calnexin inhibit phagocytosis (Mu¨ller- of phagosome maturation and block the completion of
Taubenberger et al., 2001). Thus, we postulate that ER this process later on.
fusion with the plasma membrane underneath phago- In neutrophils, the entry of both latex beads and Leish-
cytic cups may allow the delivery of calreticulin and mania parasites does not require the involvement of ER,
calnexin at sites of internalization and enable their use as shown by the lack of G-6-Pase activity in phago-
as part of a phagocytic receptor. somes housing these particles (Figure 7B). It is known
In the ER, calnexin is a major component of the glyco- that, in neutrophils, biogenesis of phagolysosomes is a
protein quality control machinery (Zapun et al., 1999). very rapid event initiated with nascent unclosed phago-
The delivery of substrates of calnexin to phagosomes somes. This process is accompanied by the release
(and lysosomes?) could potentially be exploited as an of lysosomal enzymes such as 	-glucuronidase in the
alternative route to degradation for improperly folded extracellular medium (Cougoule et al., 2002), suggesting
proteins along the quality control path. The participation that azurophil granules are recruited and provide mem-
of ER in phagosome formation and the presence of brane to nascent phagosomes. In contrast to serum-
newly synthesized peptides in phagosomes also provide opsonized Mycobacterium smegmatis, entry of nonop-
a potential explanation for the still poorly understood sonized mycobacteria takes place without enzyme release
process by which antigens from intracellular pathogens at the cell surface (Cougoule et al., 2002). Along this
can be presented by MHC class I molecules, a process path, a recent study indicated that neutrophils possess
which usually takes place in the ER (Kleijmeer et al., mechanisms for both opsonin/complement-dependent
2001). and -independent uptake of Leishmania (Laufs et al.,
Intracellular pathogens such as bacteria of the genus 2002). The opsonin/complement-dependent mecha-
Brucella (Anderson and Cheville, 1986; Pizarro-Cerda nism of entry leads to rapid internalization and killing of
et al., 1998) and Legionella pneumophilia reside within parasites, while the latter mechanism requires hours and
compartments displaying ER features (Horwitz, 1983; leads to the internalization of parasites in phagosomes
Swanson and Isberg; 1995; Tilney et al., 2001). Although where they survive for long periods of time. Because
both of these pathogens are believed to transit through neutrophils display a rudimentary ER, we propose that
plasma membrane-derived vesicles (based on morpho- the slow opsonin/complement-independent uptake of
logical observations) before entering ER, it is possible Leishmania observed by Laufs and colleagues (2002)
that ribosome-free ER participates in their internaliza- may take place by a long process of ER recruitment
tion at the cell surface. Indeed, previous morphological requiring neosynthesis of this organelle. Interestingly,
observations failed to reveal the ER nature of latex bead- Katz and Hashemi (1982) have shown that while Legio-
containing phagosomes (Desjardins et al., 1994a). We nella survive and replicate in ER-like compartments in
show here that Salmonella typhimurium, and Leish- macrophages, they are rapidly killed and degraded in
mania donovani (wild-type and lpg-mutants) are present compartments not displaying ER features in neutrophils.
initially within ER-derived compartments (as revealed Accordingly, ER-mediated phagocytosis appears to be
by G-6-Pase cytochemistry). These pathogens alter the a doorway to safe haven that intracellular pathogens
properties of their phagosomes to different extents have evolved to exploit as a “Trojan horse” for survival
(Me´resse et al., 1999). Despite their common entry into in host cells.
the ER, wild-type L. donovani parasites are maintained
in early phagosomes for several hours after their inter- Experimental Procedures
nalization, while lpg-deficient mutants are rapidly trans-
Cell Culture and Phagosome Isolationferred to phagolysosomes (Scianimanico et al., 1999).
Neutrophils were isolated from dog blood using standard protocolsAccordingly, we propose that ER-mediated phagocy-
(Merhi et al., 1999). Phagosomes formed by the uptake of 0.8 mtosis is a general mechanism of entry in macrophages
or 3 m latex beads (Sigma), diluted 1:10, 1:50, or 1:200 for various(Figure 7D). Binding of a particle to the cell surface
periods of time at 37C, and were isolated from J774 mouse macro-
initiates the formation and elongation of pseudopodia phages (Desjardins et al., 1994a). Phagosome were also formed by
firmly attaching it to the PM. During this process, the internalizing sheep red blood cells for 30 min (Vieira et al., 2001) or
ER is recruited close to the surface where it fuses with infecting cells for 30 min with the intracellular parasite Leishmania
donovani and 5 min with Salmonella enterica serovar typhimuriumthe PM and opens at the site of particle contact. The
(Scianimanico et al., 1999; Steele-Mortimer et al., 1999). Immunopre-particle then slides into the opened ER and the PM is
cipitation of calnexin and its associated proteins in macrophagesresealed at the end of the entry process. This leads to
or isolated phagosomes was performed using an anti-calnexin di-the formation of phagosomes made largely of ER, a
rected against the cytoplasmic tail of the protein or a preimmune
process that minimizes the use of the highly specialized serum (Ou et al., 1993).
PM. Newly formed phagosomes then rapidly interact
with endocytic organelles in a highly regulated process 2-D Gel Electrophoresis and SDS-PAGE
allowing phagolysosome biogenesis (Desjardins, 1995). for Western Blot Analysis
The kinetic analysis of phagosome formation and phagolysosomeTo ensure their survival within host cells, pathogens
biogenesis was evaluated using 2-D gel electrophoresis or immu-have evolved ways to inhibit the maturation of ER-
nobloting on 1-D gels (Garin et al., 2001). The relative enrichmentderived phagosomes at different stages during phagoly-
of some ER proteins on phagosomes compared to the total cell
sosome biogenesis and thus avoid the lytic environment lysate, the postnuclear supernatant (the supernatant obtained after
of phagolysosomes. Pathogens, such as Legionella and a 900 
 g centrifugation), or a total membrane preparation
Brucella, would exert their effect on phagolysosome (100,000 
 g pellet) was also evaluated by Western blot. This was
done by loading on SDS-PAGE an equal amount of protein frombiogenesis very early in the process, when they are still in
Cell
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each sample (15 g), measured using the BioRad DC protein assay. functional capabilities of LPS-activated alveolar macrophages. J.
Leukoc. Biol. 57, 275–281.The antibodies used were: polyclonal anti-calnexin, directed against
the last 18 amino acid of the cytoplasmic tail of the protein (Ou et Blommaart, E.F., Krause, U., Schellens, J.P., Vreeling-Sindelarova,
al., 1993); polyclonal antibodies against Sec 61p (Ou et al., 1993); H., and Meijer, A.J. (1997). The phosphatidylinositol 3-kinase inhibi-
polyclonal antibodies against calreticulin (Rokeach et al., 1991); a tors wortmannin and LY294002 inhibit autophagy in isolated rat
rat monoclonal anti-Lamp1 (Desjardins et al., 1994b); and a poly- hepatocytes. Eur. J. Biochem. 243, 240–246.
clonal anti-ER raised against purified rat liver microsomes (Paiement
Botelho, R.J., Teruel, M., Dierckman, R., Anderson, R., Wells, A.,
and Roy, 1988).
York, J.D., Meyer, T., and Grinstein, S. (2000). Localized biphasic
changes in phosphatidylinositol-4,5-bisphosphate at sites of phago-
Cell Treatment with PI3-K Inhibitors and Bafilomycin A1 cytosis. J. Cell Biol. 151, 1353–1368.
To test the possible involvement of PI3K in ER-mediated phagocyto-
Cannon, G.J., and Swanson, J.A. (1992). The macrophage capacity
sis, cells were preincubated for 60 min with 10 mM of 3-methylade-
for phagocytosis. J. Cell Sci. 101, 907–913.
nine (3-MA) (Sigma) as described (Seglen and Gordon, 1982), 200
Caron, E., and Hall, A. (1998). Identification of two distinct mecha-M Ly294002, and 100 nM wortmannin. Latex beads were then
nisms of phagocytosis controlled by different Rho GTPases. Scienceinternalized for 60 min, followed by incubation in culture medium
282, 1717–1721.for 30 min in continuous presence of the drug. The possible involve-
ment of the vacuolar proton pump ATPase in phagosome-ER inter- Cougoule, C., Constant, P., Etienne, G., Daffe, M., and Maridonneau-
action was tested as follows. Latex beads were internalized for 30 Parini, I. (2002). Lack of fusion of azurophil granules with phago-
min followed by a 30 min chase to form phagosomes. Cells were somes during phagocytosis of Mycobacterium smegmatis by human
then allowed to internalize BSA-gold 16 nm added to the culture neutrophils is not actively controlled by the bacterium. Infect. Im-
medium for 15 min, followed by a 30 min incubation leading to mun. 70, 1591–1598.
the transfer of BSA-gold from early endosomes to phagosomes Cox, D., Tseng, C.C., Bjekic, G., and Greenberg, S. (1999). A require-
(Desjardins et al., 1997). Cells were finally incubated for 60 min in ment for phosphatidylinositol 3-kinase in pseudopod extension. J.
medium containing or not bafilomycin A1 (0.5 M; Kamiya) and Biol. Chem. 274, 1240–1247.
prepared for EM.
Dermine, J.F., Duclos, S., Garin, J., St-Louis, F., Rea, S., Parton,
R.G., and Desjardins, M. (2001). Flotillin-1-enriched lipid raft do-
Immunofluorescence and EM mains accumulate on maturing phagosomes. J. Biol. Chem. 276,
Immunofluorescence and confocal microscopy was performed as 18507–18512.
described previously (Scianimanico et al., 1999; Dermine et al.,
Desjardins, M., Huber, L.A., Parton, R.G., and Griffiths, G. (1994a).
2001). For immunofluorescence, 30/0 phagosomes were isolated
Biogenesis of phagolysosomes proceeds through a sequential se-
and the presence of calnexin revealed using the anti-cytoplasmic
ries of interactions with the endocytic apparatus. J. Cell Biol. 124,
tail antibody. For confocal microscopy, 3 m latex beads added to
677–688.
cold medium were centrifuged onto cells at 57 
 g for 3 min. Cells
Desjardins, M., Celis, J.E., van Meer, G., Dieplinger, H., Jahraus, A.,were then incubated at 4C for 30 min, followed by an incubation
Griffiths, G., and Huber, L.A. (1994b). Molecular characterization ofat 37C for 10 min to allow for the formation of phagocytic cups.
phagosomes. J. Biol. Chem. 269, 32194–32200.Anti-calnexin (cytoplasmic or lumenal domain) and anti-LAMP1 (cy-
toplasmic domain; Me´resse et al., 1997) were used to assess the Desjardins, M. (1995). Biogenesis of phagolysosomes: the “kiss and
presence of these proteins. Preembedding immunolocalization of run” hypothesis. Trends Cell Biol. 5, 183–186.
calnexin and LAMP1 was done on isolated phagosomes (Lavoie et Desjardins, M., Nzala, N.N., Corsini, R., and Rondeau, C. (1997).
al., 2000). In some experiments, rough microsomes (60 g protein), Maturation of phagosomes is accompanied by changes in their
isolated as described previously (Paiement and Bergeron, 1983), fusion properties and size-selective acquisition of solute materials
were added to the phagosome preparation as a positive control to from endosomes. J. Cell Sci. 110, 2303–2314.
test the specificity of the calnexin antibody. Glucose-6-phosphatase
Diakonova, M., Bokoch, G., and Swanson, J.A. (2002). Dynamics of
(G-6-P) activity was revealed using EM cytochemistry (Griffiths et
cytoskeletal proteins during Fc receptor-mediated phagocytosis
al., 1983).
in macrophages. Mol. Biol. Cell 13, 402–411.
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